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~ SUMMARYYEE
This report presents the results of a fixed level of !nput, befit effort program
conducted to develop precision forging techniques for spiral bevel gears with
integral teeth forged to pre-grind tolerances by the hgh-velocity, pneumatic-
mechanical forging method. At the successiful. completion of the primary objec-
tive, additional objectives were to demonstrate the strangth characteristics and
economic advantages to be derived from the process.

A spiral bevel gear and pinion set, which was currently in production for the
LOH helicopter main power transmission, wias selected for the development
effort. Forging dies were designed and manufactue inacrdane with poe
state-of-art high velocity design criteria and manufacturing practices. Elec-
trode geometry included dimensional allowances for forging heat sl- -" age and
EDM finishing of the die cavity.

Developm~ntal forging runs were made to establish suitable combinations of
bfoe size- cordithens iencldinionpettue firing pressure, stroke height and

de elomen, ispetio ofthedevelopmental forglings and dies were conducted.

Initial results-fromi the development. phase demonstrated that the spiral bevel
gear geometry could be producedA by the high velocityj closed die forging methodj,
but the dies were -subject to presmature failure due to upsetting of the die mate-
Mial causibg-deformatiors of-the spiral bevel'tooth form. Die redesign and fur-
ther development of the forging parameters proved to have a beneficial effect on
reducing the conditidns idbntributing to the die tooth deformation, however, sub-
sequent preproduction forging Indicated progressive upsetting and bending of the
spiral, bevel pinion tooth due to high forging forces and the dimensional integrity
of the die cavity could not be maintainied.

Metallurgical examination of 8sectioned~forgings and tooth segments indicated
f -~that preferential -grain flow was- Imparted to the hub in a generally railial direc-

tion into-the -tooth segments, with prizmary flow extending from toe to heesm and
-dae- seekidary -flow -around the tooth root,,

Dimensional inspection of the development forgaIngp indicated that the "as-
forged'! tooth-thictkneos tolerance wa's within 4: . 005"1. Thiciness of stock
removed per tooth faze by profile'-grinding to obtain. the required spiral bevel
geometry raned fromn -.-OOV to . 03711 from toe to heel. This condition far
exceedo th e objective of-uniformly removing a maximum of . 005"1 per tooth

tace. -Corrective action to the die -was to be obtalned by a nominal adjustment



to the EDM !a-feod lead for re-f!niehing the die cavity geometry, however, the
gross forging deformation problem that was occurring, principally to a local-
ized area of the die cavity, dictated the need for a die development program
before accomplishing the minor adjustment to the spiral bevel geometry.

The mandatory solution of the die deformation problem precluded the meaning-
ful completion of the balance of the program for the development of production
forging procedures, dies and forgings for limited fatigue best evaluation.
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FOREWORD

This technical report covers the work performed by Western Gear Corporation's
Research Department under U. S. Army Contract DAA JO1-68-1446 (3G) from
January 1968 to April 1970.

The program was accomplished under the direction of Mr. D. Roger Smoak,
Project Engineer, U. S. Army Production Equipment Agency, Manufacturing
Technology Division, Rock Island, Ill., and Mr. Robert Vollmer, U. S. Army
Aviation Systems Command, St. Louis, Missouri.

The program was performed by Western Gear's Research Department under the
general supervision of Mr. M. L. Headman, Director of Research and under the
direct supervision of Mr. W. T. Winter, Supervisor of Applied Mechanics.
Mr. M. R. Berger was the Project Engineer. Assisting in the project were
Research Engineers Mr. C.V. Iverson and Mr. H. Hui.

Sub-contract forging, die design and manufacture were performed by Precision
Forge Company, Santa Monica, Californiia under the supervision of'Mr. J. Rork,
Mr. M. Perry and Mr. V. Marlow. Other sub-contract support for die prep-

aration was provided by Sparkadyne, inglewood, California, Atlas Tool & Mie
Company, Los Angeles, California, and Electri-Cal Machining Company, Los
Angeles, California. Gear machining was performed by Western Gear's
Precision Products Division, Lynwood, California.
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INTR~ODUCTION

Objectives

Requirements for improved performance and increased production capability of
helicopter main power transmission-. equipptd with spirai bevel geara are con-
tinuplly being made by the mniltary services. Current practices for producing~

4 aircraft quality sprial bevel gears require specialized gear cutting and grinding
from up-set forgings. Incr-easing quantities of spur and helical gears are cur-
rently being pro)duced by precision forging the gear with integral teeth, impart-
ing a preferential grain flow in and around the tooth and root area and thereby
proi'ding a basis for improved fatigue life and performance. Additionajl l, the

I process facilitates production by eliminating the gear cutting operation. 'In
4 order to realize these advantages in spiral beve! gears, a program was initiated

I for the development of an alte~rnate method for producing spiral bevel gears for
I army helic-opter transmissions. The sub-objectives of the program wvere to:

a. Determine that a spiral bevel gear configuration can be produced by
the high-veloeity, pneumatic-mechanical closed die forging methodI ~with preferential forgiag flow being imparted to the tootiih elements.

Ib. Develop-die design, fabrication methods and forging procedures for
-forging- apiral bevel -gears to pregrind tooth thickness within :1: 0. 00511
and tooth-to-tooth spacing errors within .1 0. 001511.

c. Conduct an economic evaluation and feasibility study of the forging
process and dies by performing a production forging run consisting
-of--approxin~ately.500 gear setis1

-- di 0onahict fatigue tests to determine the relative resistance to fatigueI -failure between-forged gears and conventional manufactured gears.

Prog -Plan

The program-was sprated into the -followigfuhss

- PHAStE 1, Develbpment Fo~rging

This phase-was -to demonstrate that-a- spiral bevei gear can be 1forged avd
re-moved-from a set of closed dies; to establish optimum forging conditions
andto define die- design parameters. for producing uniformly consistent
for InS' f acceptable tooth thickness and spacing-tolerance.



PHASE HI - Preproduction Forging

The Preproduction Phase was to evaluate the development die design -
and procedures on a srmall lot production basis (approximately 50 pieces)
speclficeuily for:

it, Determination of trends in reproducibility and die life;

b. E-valuation of tooling comnpatibility- for production runs;

o. Establishing produtition run procedures;

d. Przvidi~ig forged gears for limited fatigue testing.

PKAbB M_- Production Foriring

To demonstrate prodnctlon capabil.ityi -reproducibility, and econo-Mic
evAI~ntlot ronIrig50ga es

PUA8E IV - Lhm5ted Fatilrie Testing

To determine tb eaiezlawet atigu falu of -forge er

The-principal equlpmenz ?acllitiea that-wero~utilized~on-thaeýprogramýAre shown
~ ~ ~ ý fcded deelopment Was -performed with the iliu$-

trta hlvelocity, -,pumatcmcaia ogn ahn hc prtso
hig prssue gs t drvetheran atspeds p t l01 n Ysec.- 7h, mtachine

is designed- to foedbaick the reacotionforce- into itb' -own structure so -thalitti.0
force is Imparted .to the foundation, 'Witb proper! die- andbillet deutga'ndM close
replatilon of -gas firing pesre- ra egttdbfe tempe -ratures noto
theenergy Is abeorbxd in-the deform~ationd he6 fo l akit. Clos cotro of
these variables makes the process- higy reeTaO e hsprmtigco
tolerance forging, In convenational production of spiiral bevel ge-P#aring tI4 LOtoot
poyfiles are cut-on a Gleason Ilypold Geiierstor anci finished to -size -on a
aleaso Ifypold Grinder. ýJor .thoipurposos of-this :rprgateenrorw

removal evaluatiois -of, the prectiflono qd foe'~rn~a~ocp lshe f the

Tester were dused foringpeWtio evaluation purpose..9
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FV~ipc :G (lason No. 2(; flypoid Gcncrator Figure 3. Gleason No. 15
Becvel Gear Blank Checker

IVigurt -1. (',1(.olSl! No. 1:1 Figure 3. Gleason No. 27
~iiiersaI TeterHypoid Grinder



PHASE I - DEVELOPMENT FORGING

Forging Dies

The spiral bevel gear set that was selected for this program was the high speed
reduction set used in the main pow, - transmission unit for the O-1-6A Army
"Cayuse" helicopter (Figure 6). '11i transmission was designed and produced
by VWes-ern Gear Corporation. The geat set consisted of a shank type, 15 tooth
spiral bevel gear pinion and a 44 tooth riating gear as shown and described in
Appendfx I.

The 44 tooth spiral bevel gear was selected for initial development of the die and
forging procedures in preference to the pinion for the following reasons:

a. It offered a better degree of forgeability due to a larger mass with
less heat loss effects.

b. It presented less difficulty in sinking the spiral bevel tooth form
into the die cavity due to a larger cone angle than that of the pinion.

c. It provided larger over-all dimensions for verification of calculated

heat shrink factor.

Die Design

Thi basic forging concept used for both the gear and pinion was to develop the
finished part in three forging steps. Starting with bar stock billets, a preform
(up-set) was forged in closed dies to produce an approximate shape of the gear
body. This was followed by a blocking operation to develop the tooth segments
nearly to finish size. The third step forged the gear to final size. The forging
sequence, configurations and corresponding die arrangements that were
designed and used for the development of the pinion and gear forgings are illus-
trated in Figures 7 and 8. The method for removing the pinion forging from the

-die was to unwind the part from the spiral bevel cavity by applying a twisting
force to the shank (long shank end of forging). In order to apply this same
method to the gear, it was necessary to include a stub shaft (2-1/2" diameter

x 1-1/2" long) to the heel end of the forging.

5
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BILLET PREFORM ,BLOCK FINISH

Ili

Figure '7. Forging Steps and Die Arrangements
Used for Pinion and Gear Forginge
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Die Material

Die materials selected and used for the fabrication of the various die sets areI. shown in Table I. Selection was predicated on results and experience obtained
by Precision Forge Company and Western Gear Corporation from prior high
velocity forging development and production work with spui gears and similar
configurations. The objective of the selection was t, obtain sufficient strength
and wear properties without sacrificing toughness. In consideration of the pro-
truding spiral bevel tooth segments that would obniquely jbstruct metal flow and

be subjected to high impact forces, the selection favored higher toughness,
rather than strength and wear resistance.

f Die Manufacture

Die sets were manufactured by machining finish heat treated die blocks to the
required internal and external finish dimensions, except for the spiral bevel
tooth portion of the die cavity. The finish tooth geometry was produced in the
die cavity by electrical discharge machining (EDM) with brass electrodes shown
in Figure 9. The electrode spiral bevel teeth were cut on a Gleason Hypoid
Generator, in the same manner as regular production gears and pinions except
that a slightly modified cutting schedule was used. The modification provided
for a dimensional allowance to the generated tooth geometry for the forging heat
shrink effects (0. 0125"/") and EDM spark gap clearance (0. 002" per surface).
From an analysis that was conducted to determine the shrink characteristics of
forged spiral bevel gears (Appendix II) it was determined that:

a. The displacement of any point in an elastic body subjected to

temperature change is proportional to its position, i.e., linear
expansion is proportional to its linear dimension.

b. Spiral angle does not change due to expansion.

c. In reference to the gear axis, the radial expansion of the surface
of the gear tooth is proportional to its distance from the axis.

The electrode designs are given in Appendix MI.

The EDM in-feed guide system for providing and controlling the correct amount
of rotational movement to the electrode in conjunction with the linear in-feed
was accomplished by means of a helix slotted sleeve and pin arrangement, as
shown in Figure 10. The clot helix was based on an averaged cylindrical lead
of the respective pinion or gear tooth profile surfaces. The EDM procedure

1 9



Table I
Die Materials

Die Sots Gear Pinion

Preform - Punch Durodi, Temper I Durodi, Temper I

12"Ox12"; RC42-46 12"0x12"; RC42-46

Preform - Die Durodi, Temper I Durodi, Temper I
12"0x12": Rc42-46 12"0x12"; Rc42-46

Block - Punch Durodi, Temper I Durodi, Temper I
12"0x12"; Rc42-46 12"0x12"; Rc42-46

Block - Die Durocli, Temper I Durodi, Temper I
20"1x18"; Rc42-46 12"0x12"; Rc42-46

Finish - Punch Durodi, Temper I Durodi, Temper I
12"1x12"; Rc42-46 12"Ox12"; Rc42-46

Finish - Die AISI Type H-1i Durodi, Temper I
20"018"; Rc42-46 12"0x12"; Re42-46
2r~d d~ie-

Durodi, Temper I

AISI Type H-11 Durodi

Check Check
Nominal Analysis Nominal Analysis

C .35 .37 .55 .54

Mn .21 .60 .56

S .026 .023

Si .99 .85 .73

Ni 1.55 1.66

Cr 5.00 5.03 1.00 .90

V .40 .37

Mo 1.50 1.26 .80 .69

Cu .11 .15

P .024 .004

Hardness Rc 42-44 42-44

10
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44

Figure 1 0. EDM Finishing of Pinion Die Cavity
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used to finish the block and finish die cavities was to coaplete the finish die
first with six new electrodes and then process the block die with the worn elec-
trodee which provided a desired under-size toth form for the blocking opera-
tion. When changing from a used electrode to , )w electrode, provision was
made to properly time the new electrzde into the cavity.

Dimensional checks were performed before= the dies (Figures 11 and 12) were
removed from tha EDM set-up, and CeTfo alloy caste with shaft inserts posi-
tioned by the EDM electrod i holder were made. These casts provided a means
for inspection of the die both geometry cn the Gleason Bevel Gear Blank
Checker, which otherwise could not be inspected prior to produting a forging.
The die casts also served ao a forging die reference for determining die
degradation.

Forging Material

The forging stock used for the program was AMS 6265 (consumable electrode
vacuum remelt AISI 9310), a commonly used aireraft quality carburizing grade
gear material. In addition, a small quantity of AJSI 1018 was used during the
forging development phase as a supplementary material to facilitate the macro
evaluation of the forging flow characteristics. A total quantity of 21, 500 pounds

of 1-3/4" and 4" diameter mill length bars were obtained of which 15, 150
pounds were f'om a single heat of steel in both bar sizes. Gears for limited
fatigue testing (precision forged sets and conventiopal manufactured sets) were
to be obtained from this single heat lot of material.

The forging material specification requirements, certiflcation and check analy-
sis results are shown In Table H.

13-I
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Table H1
Specified arid Test Properties of Forging Materials

NMIl Check
AMS Cert. Anal.

Properties 6265 Ht. #52916 Ht. .#52916

Chemical:

C .07-.03 .11 .10

Mn .40-.770 .61 .63

P .025 ma'. .007 .011

S .025 max .005 .010

Si .20-.35 .31 .23

Cr 1.00-1.40 1.33 1.35

Ni 3.00-3.50 3.27 3.27

Mo .08-.15 .15 .16

Grain Size: 5 or finer; Avg. 7 5-7
few to 3

ASTM E45

Micro-
Cleanliness:

A-thin 2.0 max <1.0 0

A-heavy 1.0 max 0 0

B-thin 1. 5 max 0 0

B-heavy 1.0 max 0 0

C-thin 1.5 max 0 <1.0

C-heavy 1.0 max 0 0

D-thin 1. 5 max 0.5-1.0 0

D-heavy 1. 0 max 0 0

16



FORGING PROCEDURE DEVELOPMENT

Spiral Bevel Gear Forging

Initially, a five piece trial lot of gear but ,ets wete, used to obtain "a feel" for
the forging characteristics anct response to the pref rming, bucking andfinish-
ing operations. This was conducted in a very nser tvative type of trial-and-
error approach regarding the forging par ametei s used, i.e., high forging
temperature, low firing pressu'te, short punch strokes and multiple hits, so
as to avoid possible forge conditi*-ns that might result in accidental die break-
age. The first !)t of high veioc-i.y fvrge proauced spi rat bevel gears with
integral forged teeth, resulting from this effrt, is sh ,wn in Figure 13. The
information obtained, provided a basis for init'ating the development and
refinement phase of the gear forging procedu-ies, The firging parameters,
conditions and notations of this effort are tabulated in Table Tit.

The following supplemental procedures were utilized in conjunction with the
forge development program:

a. All billets were prepared from hot rolled bars by abrasive saw
cut to the required length, deburred and abrasive cleaned
(Wheelabrator'.

b. Forging parts were heated in a temperature controlled, gas fired,
conventional type furnace, with the combustion adjusted to provide
a gas rich, reducing atmosphere.

c. Intermediate forged parts were abrasive cleaned and magnaflux
inspected.

d. Forged parts-were free-air cooled after removal from dies.

e. Die sets were pre-heated to 2O0r /300t F.

f. Forged parts were serialized by lot and piece number.

Preform forge conditions for reducing the 4" diameter x 5" long gear billets-to
the preform shape were readily establishel at the following conditions: 20508F
forge temperaturb; two hits: First at 1900 psi fitng pressure and 23" stroke
and second bit-at 950Wpsi firing pressure and 12" stroke. Satisfactory block
iorging condtions-were derived without extensive development at the following
conditions: 21000 F forging temperature, one hit at 1580 psi and 22"' stroke.

1,7
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The mal r p 'rtt-n 't the gear t irgng G,?;," ipment effo,-t trvolved the iaIush
,oiging pr ccss for estab,.shi,.g sLitab.. i .ging - nditi ns to pN.du:C: C)om-

pietely hiled I rg:r.ga -epeatedly ,o wvith -ut sustaining sec,)ndar) damage t,., the
f.Jrged t.,'th elements by b urnc. , ,.jecti n pr-cedurc's.

The t 2-•th sectiuns f thi lirst t six patts pr )essed th..•ugh the -.t-nd iish
forgt- develbpmerit run, , , mp.t0 iv &,cd .vith -r, h-i at 17'5' F 1 2) ) psi
firing pressu.ce ana 1 2" st: ,k,.. Inc_,mphto- t v-th scctL,,,r, filing was Cri;-untered
with the n-.xt f,,ur pieices. Muitip.,' t heats, hits adnd -ncremental ir.creases tJ
the f-"rging f ,; ,e werc. nocessa:-v t" c .umpet, the t, tt section ft.]. The sixth
piece was Lursh "_n,"ged satistat,•try with ,ne hd at .1 :773 F, 14 Y) psi and .6..
stroke. Detail atmensi )nai and gnr.d inspection .1 three forgtngs iLom this
group :.-2, 2-4, 2-6' %, re pe.',)tmed and the -esu.s ate presented in Sectlcn 4.

A high percentage of tooth damage was experienmced, due to bur.c, and ch ;p.
After the forging punch Impacts the work pieCe, it will bounce several times
before arresting. DIuing this intetval, If the fo'ged gear is dislodged and
becomes cross threaded in the die cavity, the returning impact by the punch will
result in gross damage to the forged tooth section, otherwise known as "chop-
ping". Evidence of locai deformation to the ends of the die tooth elements at the
parting face were noted in the fore part of the forging .run. This condititn con-
tinued to progress rapidly to the point where the feathered end surface of the
tooth element had bent inwardly to cause a locked thread effect on the forged
spiral teeth at the heel end of the gear, thus making ejection difficult and caus-
ing face damage to a portion of the convex profile of the forged teeth upon
removal from the die. This condition was temporarily eliminated by a 030"
facing cut and chamfering the feather edge of the die tooth elements on the con-
cave profile side. The results of the finish forging development run indicated
that the combination of forging conditions to be marginal for consistently pro-
viding tooth section filling and for that reason a higher set of forge conditions
(20000 F, 1800 psi firing pressure and 18" stroke) were selected foI try-out.
These conditions proved to be excessive as evidenced by complete longitudinal
fracture of the die body.

Durodi, Temper I (Rc.4 2- 4 6 ) was used for the replacement gear-finishing die.
Preparation was in the same manner as used for the ojiginal die except a cor-
rective revision was made to the EDM in-feed guide helix in accordance with
inspection information from the original gea-r forgings. The feathered edges 41
the die tooth forms at the parting face were chamfe red.

Upon completion uf the repIacement die, the gear finish forging development %k as
resumed, employing relatively conservative -irge conditions which were gradu-
ally adjusted to the hna. e,.,ndition of 1950" F, 1600 psi firing pressure and
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6" str.oke. Principal fLrging datlcuittes tonc. unterect werc inconsistent tooth
SOLtion filling at the toe end., pat bounce and chop damaged teeth. Also, pro.-
gressive def )rniatiun occurn:d t-) the die tooth segment adjacent to the parting
face (Figure 14'. A typical ,:xampi A the hardware from billet to finish forg-
ing resulting from the gear deveLopmt;rtt for:ging etfort, is illustrated in
Figure 15.

Spiral Be~el Pinion Forging

The initial twenty pi ece dev#,,oprnentar f )cgirg tun of the shank shaft spirai
bevel pinion resulted in gr ,ss damage to both the b.ick and fMiEnh dies. The
type and location was the same as that which occurred in the 44 tooth gear dies.
The defrmation was gredtt mn magnitude and developed earlier. Several teeth
had segments broken off. The damaged block die is shown in Figure 16.

Rework of the dies incrporated a , 'riectuve redesign that provided a 450
chamfered collar to the die tcoth sc-gment and the addition of a flash gutter as
shown in Figure 17. Fol/,iw-on development and preproduction forging runs
demonstrated that the revised design pzovided a major beneficial effect in pro-
longing the die life, but did not eliminate the basic problem.

In continuing the pinion forging development, three series of forging runs were
made in lot sizes of ten to twenty pieces for establishing suitable combination
of billet and preform sizes, preform shape and forging parameters for the pre-
form, block and finish operations, and are described in Table IV. Series of
adjustments to the pinion preform shape were necessary to provide for an
improved preferential grain flow in the block forging and complete tooth section
fill. The preform shape evolution is shown in Figure 18.

During the various phases cf the forge development, rou .ine macri-
examinations were made for forging flow charaCteristics and for detection of
forging defects. In addition to making trial checks on AMS 6265 forged mate-
rial, samples of AISI 1018 were ineluded to facilitate the macro etch develop-
ment of the forging flow "Ines.
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ALL DEMENSIONS IN INCHES

32 -124

I I
2-1/2 1

2-3/4 o-1.-i 14-7/8

3.1

L 2 I/S;;1 / 1-7/C 2

INITIAL DESIGN INTERMEDIATE MIAL

Figure 18. Progressive Development Of Pinon
Preformi Forging



PHASE II - PREPRODUCTION FORGING

Pinion Preproduction Forging

A preproduction lot of sixty-three spiral bevel pinions were forged by the
procedures establishcd by the development effort and Wlih1 additional refine-
ments is required1. Description of the forging conditione and other pertinent
information is presented in Tablc V. Examples of the preproduction forged
hardware, from billet to finish forging are illustrated in Figure 19.

I7

J-2i

Figure 19. High Velocity Forge Staging SequL..±ce Used For ThI-e Spiral Bevel Pinion
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RESULTS AND DISCUSSION

Inspection and Evaluation of Forged Gears and Pinions

In conjunction with the forging process development, standard gear inspections
and grind stock removal evaluations were performed on sample forgings to
obtain data for checking the followir.g characteristics:

a. Accuracy of the EDM method for generating a spiral bevel gear die
"cavity from a known gear electrode geometry;

1). Allowances made for shrinkage and EDM spark gap;

c. Tooth thickness variation resulting from the forging process;

d. Variation of stock removal along the convex and cmncave profile
surfaces of the gear teeth during the final grinding operation.

In order to perform the inspection operations, it wa3 necessary to machine the
forging so that it could be fixtured in one or more of the inspection facilities.
In machining the forging, it was chucked in a spindle and indicated for run-out
on the front face of the cone and on the outside diameter of the gear. Centers
were then established and the flash was removed. The forgings were bored
and machined to correct blank geometry.

A condensation oi pertinent gear and pinion inspection data is provided ln
Tables VI to IX. The following processed data from Table V1 shows that good
correlation was obtained f'O ' he shrirk allowance fawtor of. 0125"/" ussd in
design of the EDM electrodes and die cavity.

Slectrode Spark gap Die cavity [Shrink ] [~orgingf
a a allowance da. allowance

LO021/side). L 01.2615/") L J
8. 258" + .004" = 8.282" - 8. 262" x . 0125 = 8. 1597"

Avg. dia. of forging by inspection = 8, 159"

The diameter of the Cerro allcy proof cast (8.264") provided a close check
within inspeetion accuracy, with the above calculatod die fm eter .8. 262").
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IL
Table VI

Spiral Bevel Gear Measurement Data

(A) 'Inches) (B) (Inches) (C) (Inches)

Outside Diameter Axial Length From
Position & Intersection of Axial Length From j Flange to Toe Hub
Location Heel & Flange Flange to Toe Face End

Brass Electrode #9 Used to FnlAsh Replacement Die

1-3 8.258 (1) 1. 325 (1) 2.228
(2) 1.324 (2) 2.226

2-4 8.259 (3) 1.324 (3) 2.225
(4) 1.325 (4) 2.227

Avg. 8.258 Avg. 1.324 Avg. 2.226

Casting From Replacement Finishing Die

1-3 8.264 (1) 2.216
(2) 1.325 (2) 2.231

2-4 8.263 (3) 2.233
(4) 2.228

Avg. 8.263 Avg. 1. 325 Avg. 2.227

Finish Forged Gear #4-36 From Replacement Die

1-3 8.161 (1) 1.314 (1) 2.221
(2) 1.299 (2) 2.206

2-4 8.157 (3) 1.316 (3) 2.226
(4) 1.310 (4) 2.221

Avg. 8. 159 Avg. 1.310 Avg. 2.218

POSITION (ALL DIMENSIONS
40 2 LOCATION IN INCHES

3

i1i1 2 11

"A" DIA.
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Table VII
Gear Tooth Thickness Measurements

Too (inches) Center (inches) heel (Inches)

Add. Add. Add. Add. Add. Add.
ientification ,060 .225 .060 .225 .060 .225

Frg. #2.-2 .148 .250 .148 .256 .145 .254
.151 .254 .151 .259 .148 .256
.153 .255 .150 .256 .148 .253
.148 .251 .147 .255 .143 .251
.- 0 25-2 .149 .256 .146 .254

Variation .005 .005 .004 .004 .005 .005

Frg. #2-4 .152 .254 .153 .258 .149 .257
.151 .254 .148 .257 .145 .251
.148 .252 .144 .255 .143 .253
.147 .251 .147 .256 .147 .257

,Avg. .150 .253 .148 .256 .146 .254
Variation .005 .003 .009 .003 .006 .006

Frg. #2-6 .147 .251 .147 .256 .145 .255
.148 .252 .149 .258 .147 .255
.152 .256 .152 .259 .148 .255
.149 .253 .148 .255 .143 .255

Avg. .149 °253 .149 .257 .148 .255
Variation .005 ,005 .005 .004 .005 .000

Combined Range .147 .250 .144 .255 .143 .251

.153 .256 .153 .259 .149 .257

Combined Vari-
ation .006 .006 .009 .004 .006 .006

Nominal
Finished Gear
Tooth Thickness .124 .230 .125 .232 .126 .235

Above data obtained from forging produced in original finishing die (before
breakage).
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Table V1I contirued
Gear Tooth Thickness Measurements

Toe (Inches, Center (Inches' Ficel ,Inches,

Add. Add. Add. Add. Add. Add.

Identificatinn .060 .225 ',6,) 225 .060 - 225

Electrode #9 .148 .250 .19 .255 .145 .256

(Used to finish .147 .249 .150 .254 .145 .255

die) .148 .251 .150 ý255 ,146 .2i5
.147 .250 .149 .255 .146 .256

Avg. .148 .250 .130 .255 .146 .256

VariatiVn .001 .002 .001 .001 .001 .001

Casting .157 .263 .158 .265 .159 .268

(of die before .160 .271 .164 .271 .161 .272

use) .160 .268 .164 .272 .162 .273

.158 .269 160 .274 .161 .279

Avg. .159 .268 .162 .270 .161 .273

Variation .003 .008 .006 .009 .003 .011

Frg. #4-13 .164 .266

1'2 .265
.158 .264

.160 .264
Avg: .161 .265

Variation .006 .002

Frg. #4-26 .160 .266
.162 .264

.161 .262

.159 .262

Avg. .160 .264

Variation .003 .004

Frg. #4-36 .159 .266 .161 .270 .161 .259

.161 .266 .164 .272 .163 .258

.159 .266 160 .268 .158 .260

.156 ,265 .15ý .269 .159 .265

Avg. .15 - .266 .161 .270 .160 .260

Variation .005 .001 .006 .004 .005 .007

Above date is foT the repiacement die.
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Table VIII
Pinion Tooth Thickness Measurements

1.187
From Toe

Toe (Inches) (Inches)

Addendum Addendum
Identification .195 .195

"Electrode .273 .277
.272 .278
.272 .278

Avg. .272 .273
Variation .001 .001

#1 Casting .277 .283
(from finlihing die .275 .282
after EDM) .276 .283

Avg. .276 .283
Variation .002 .001

#2 Casting .275 .281
(from finishing die .274 .282
before use) .275 .281

Avg. .275 .281
Variation .001 .001

Frg. #4-10 .280 .284
(development frg.) .277 .282

.277 .281
Avg. .278 .282
Variation .003 .003

Frg. #4-15 .275 .280
(development frg.) .277 .281

.273 .283
Avg. .275 .281
Variation .004 .003

#3 Casting .27,L .283
(finishing die after .274 .282

forging 33 development) .274 .284

Avg. .274 .283
Variation .000 .002
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Table VIII - continued
Pinion Tooth Thickness Measurements

1 187
SFrom Toe

Toe iInches tInches,

Addendum Addendum

Identification ý195 .193

Preproduction Forgings
Frg, #5-1 .274 .280

5-2 .273 .281
5-4 ,274 .283
5-7 .274 .282
5-9 .274 .232
5-10 .274 .281
5-11 .271 .281
5-18 .273 .278
5-20 .270 .280

Avg. .281

5-26 ,273 ,283

5-29 .271 .280
5-30 .273 .277
5-35 .270 277
5-39 .266 .280

Avg. . 270 .279

5-41 .266 .277
5-42 .269 ,279
5-44 .269 .281
5-48 .272 .2'S
5-49 .266 .280
5-52 .271 .276
5-55 .271 .276
5-56 .264 .2'07

5-58 .269 .279
5-59 .267 .277

5-60 .267 280)

Avg. .263 .278
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Table VIII - continued
Pinion iooth Thickness Measurements

1.187
From Toe

Toe (Inches) (Inches)

Addendum Addendum
Identification .195 .195

Combined tooth .264 .276

thickness range of 25 .274 .283
frgs. from 63 pc. pre-
produc-ton forge lot

Total variation of lot .010 .007

#4 Casting .269 .277

(from finishing die .271 .280

after forging 96 pcs.) .270 .281
Avg. .270 .279
Variation .002 .004
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P:t'p: , P., ..~ I :•T Thýiýiess As-F :g,(l

A,cid, AdM. A$i. Add. Add. Add.
F :-gtrg N%. 0145 .',1' .23.; .233

3 .2 .14q .3,)* .' I .: .,5 299 .. 1.3
Ii .3))*:-

. 57, .2- . . 301
:,6 29 )k .15,, 29q

'57 29 3 ' <,9 13/ .15 .

-13293 . -5" 2j49
.151 .;93 .157 .299 .1* .299

• ,;:• .i94 . ],5 .303 1 47 . 9

5 .294 .157 .302 .151 .303

15- Zi95 . 15, .1,2 .15v .304
16# ,29 X 159 .3v,2 15i J .. )3

.159 .294 .J5ý .303 .150 .30.1
_15_ . i9 . .300 .149 .301

Avg. .156 .293 157 •30") 1.50 .310:l
Variation .003 .006 .03 .005 04 .

5-4 .156 .291 .157 .298 . . .1
•156 .293 .157 .298 2.53

.157 .294 .157 . 299 ' .,5
Avg. * .156 .293 .157 .29S .154 30-1
Var'iatior• .01' .10 .U0 .A0 .9 21-•

5-10 .157 .292 .& 30] ..A5 "3,
159 .290 .157 .299 :.5 3 .30,)

.. 558, .293 .158 " 3._ ,.55 ,38

Avg. .292 .158 300 .154SV a~r i ati ý) 03 1 -, W2"Vrain .002 . 003 .0101 . 0•2 . 'J 2 -'3

5-29 .156 .290 .15S .29-4 . 1-54 .,

S156 .287 .156 .2:.9 . -5.

.157 .290 .157 .296 .154 .299
S.158 .290 .156 .296 .154 .3 o-

.15,-3 .29ý, .J5" •197 .155 .3,(,0

49

NOT REPRODUCIBLE



Table EX - continued

Preproduction Pinion Tooth Thickness As-Forged

Toe (Inches) Center (Inches) Heel tInches)

Add. Add. Add. Add. Add. Add.
Forging No. .040 .235 .040 .235 .040 .235

5-29 .158 .290 .158 .295 .155 .300
con't .159 .287 .158 .296 .154 .300

.158 .289 .159 .295 .155 .298

.159 .290 .158 .296 .155 .297

.160 .29i .159 .296 .155 .297

.160 .290 .160 .297 155 .297
159 .292 .158 .298 .155 .300

.157 .290 .157 .296 .154 .298
Avg. .158 .289 .158 .296 .154 .299
Variation .004 .006 .004 .003 .002 .003

5-56 .157 .288 .157 .294 .155 .295
.155 .?87 .157 .293 .156 .297
.155 .289 .158 .292 .155 .296

Avg. .156 .288 .157 .293 .155 .296
Variation .002 .002 .001 .002 .001 .002

5-60 .158 .290 .158 .291 .155 .293
.157 .290 .157 .290 .156 .290
.158 .289 .158 .291 .156 .292
.157 .290 .157 .291 .154 .293
.157 .290 .157 .294 .155 .293
.157 .290 .157 .29 .156 .294
.158 .289 .157 .293 .155 .294
.158 .289 .157 .293 .156 .295
.158 .290 .158 .293 .156 .297
.158 .289 .158 .292 .155 .297
.153 .288 .153 .293 .157 .296
.159 .288 .159 .293 .157 .298
.160 .290 .159 .293 .157 .296
.160 .289 .159 .293 .157 .297
.158 .288 .158 .292 .155 .294

Avg. .158 .289 .158 .292 .156 .295
Variation .003 .002 .002 .004 .003 .008

___I__-O-_
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Pi epi ductt -fi PRn ri T th Thikrvess As P' gt-d

T v ii-hes' 'fCcrt'' -r 1r ) h s' fit-c. ILL hs-14

Add. Add. Ada1. Adi1. Aod. Add.
Foi ging N-. 0 40 .. 437 V

A% 4:age t, C L I Rn~
six plie' 1* 17
Saripw~~ I,)t ---

2__

. 16 , 296 3- *3e

p rep r tduý, - L t V1;: i~t trY

tiun _____in

.1133

Thickness J____ ____I____ ____

Elect rode i;,,,Ah thickness at tW "cati *ns, - -i re, ted I 'spaek gasp, pr ik-c

reiereni. dimensiý ns to t- mpare and determino the -&i.'a,ýiy if the l'r ged
to ~th size fthickness" was equivatent to a generated .ut tof th isuitab 2. Ioi :11ia.

grinding). As an examnple, the tw'' pira )n e~cct-.-Ue 0eeee Ir )m Tabj- Vwn

were . 272" and .278" at the t c and he, j-,caliins. t.:sp;.cti% t. i. Whe-n
rected for spark gap became . 276" and . 2,,2", which (- 'r .ates quite !e st-
wfih ihe two die cavity casts (273", . &76' a-nd . 281", . 2,3' '. I' gvt-rtr~ ta-
pinion luorging measurements compared fa%, rably with the ab;\.t I('ik fl,OS

indicating a dimenp~ionafl3 satistad2F'Ty f, 'Ygte.l I 1t .d 1, W, 1 ga (A I I ii

thit RD-n-ss.

The maximum vari at.,rj that -.ucu red in the : _.mbino*d t -h mth-dsurt-!nt"'its

aui gears and pinionls irsspected was .0)91)" anci .014'. r, zw'e-. I . Thit. MLoi-
mum t*t,,.h thickness iariiti 'n f *:art ir.km iduall f, rg,.g % as ''", _ th ., 0"

max.mrnun being t v-presc-t.±tt t- t the nmaj 1tiv I ~i: djuc g:',gs .:plt1

The' utni-irn wvefage t 41i thii~ht-ess ddta ft mn Tab-~s mtt.J (X -if g~~aphe i'y#
presnteden ,t' 21 j', whit h si *ws 1ýie 4'1.,vt I J .~g- 9 M.' t1- SU I I

P'r ged '. ''lb th.i. Lntess. It w: b- !: te~d that tht :j ' - sv FIS g, tj 1h'c:I,.w S eti

the largv addendui -at -,s de- :aeed appr x in ei- "5 1 1 I 7" c t-nM th.
beginning t, thi,- ond th.o f ging :ur, ,;%he, -aq app,' 'al - Ii.-rngt c -

(ýurred at the . W)V adaendurr i cat, n. These a'ita cit ti, atIhe pr gr~-ss-'-
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mode of up-set defornativ-n that -Lccutred to the ae to.,th pt 4xi.e and ,8
iflustrated schematically in Figure 21.

Forged toth thickneas data pzovide only an indicat, 'n that a tooth has been
correctly produced. In order to dete.mine the am, unt and distribution of the
excess material .'n each t, oth face, it was nt-ceesa ry to prgressivejy grind
(per applicable spiral bevel schedules' i kn .wn incremvrntal sceps and maintain

! a topographical rec :Td of the am -unt and I )cat, ni of the stock remv-ved. A par-
tial series of these -re( rdings i s shiwn in Figure 2Ž.

This evaiuatuin was perfonrmed br twL, conditions; (1; as-fbrgeci and t2) carbui-
ized and hardened. In the p-Tductio, .f cvnveriti1,nay machined spiral beve,
gears, a spiral angle adjustment during Lhe carbui •zing and hardening cycle
makes it necessary to bias the spirej bevel gea- generator to compensate f-r
the heat treating distortion, The el-cti -)des fo7 the spira: bevel dies were
machined to this b.ased setting; but it was nt krowcn whether ,r not the p-rect-
aion forged spiral geometry would react to the same degree as the conventron-
ally manufactured gears. The grind stock ccnditions (Table X) indicated that
the spiral angle of the precision iorged gear d&es tend to adjust in a manner
similar to that of a cut and heat treated gear, however, considerably more
evaluation data would be required to establish the quantitative similarity of the
spiral unwind. The average total amount of stock that. had to be removed to
obtain finish grind size varied from a minimum of. 016"/. 022" to a maximum
of. 029"!. 034" for the two as-forged gears, and. 016" minimum to .026" maxi-
mum for the heat treated gear.

A six piece sample lot of preproduction forged pions were carburized, heat
treated and ground for stock removal evaluation. Due to an electrode machin-
ing err or that caused a shallow t',th r)ot t-i be prkduced in the f rging, the
evaluation was 3imited to a clean-up grind of blth t•,th faces, the results ,f
which are graphically presented in Figure 23.

Metallurgical Evaluation

Metallurgical surveillance f the f)rging pr, ,cess was maintained throughout the
development program, including examinati-n and tests cif repr'esentative sam-
ples for forging quality and flow characteristics. AGi, fý.tged pieces were noin-
destructively tested and indicatt-ns were evaluated ft r tht-if nature and extent.
No major forging flaws were encountered. Mac ) etc-h pieparation and exam -
inations were made )f secti '"ed fo'rgtngs and t- Ih elements Figures 24 t; 27'.
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TYPICAL CHART TO RECORD STOCK REMOVAL FOR CLEANUP -
SDARK AREAS SHOW MATERIAL REMOVED

SFILLET F.LLET

SElR.NO. L2.2 5EA.NO. L2.2
CUT NO. I C1iCAVE CUT NO. 14 CONCAVE CONVEX

ONCONVEX CONVE

.E TOE /TOE CTOEV

7 7[

H Hz12 44
E~oIcf E 12 3' E slm~m E 12

L E E Y EE 17
~23 /L 23~

C= 29~ 29~

29 ~ 334t 17'a34 17

TO~HELTOE ml"HEEL

FILLET FfLLET

F WSI~.RVLGA ~NIGIIORGED SPIRAL BEVEL GFAFARA* F~K REOVALBY NCREENTS1 IGRINDING STOCK REMEOEVAL.TOTA
S0TOYH SIDES OF TEETH

Ur
CONCAVE STOCK > .OO

CONVSIDE CIV REMOVALCOFTOOT SPER SIDE~) OOH TOOTH Of OT zIT.2to 
T

____ I ___ ~tOORM.AL SECTION

'STiR OF GEA- TOOTH

.00 C .18t.003 1 .o1o*.oo• 1
SHOWING VARIATIOtC AT
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Tabie X

Grind Stop'- Rqmoval Data

(44 iwot Gear)

Toe (Inches) Center (Inches) Heel (Inches)

Add. Add. Add. ýOd. Add. Add.
Identification . 00 .225 .060 .2.15 .060 .225

II
r. 2 02 01 019 .015 .015

(an-lorged) .022 .029 .0 .020 .018 .016
.026 .032 v 021. .019 .021 .016
.022 .029 .019 .021 .019 .018

Avg, .022 .029 .019 .020 018 .016
Variation .007 .006 .U,5 .00 2  .006 .003

Frg. 2-6 .021 .032 .023 .024 .0U1 .023
(as-forged) . 021 .032 .024 . 029 .023 . 021

.025 .037 .028 .027 1024 .024
1 .024 .033 .025 .027 .020 .025 1

Avg. . .034 .025 .027 .022 .023
Variation .004 .005 .004 .003 .004

Pig. 204 .023 .024 .02 .022 .016 .018
(carbriz . . .018 .022 .014 .014

Shardened) .026 .027 .019 .025 .018 .020
.027. .028 .624 .0'2 .Ole .023

A-g. J025 .026 .. 021 .024 .016 .,0")
Variation .004 .0 0o .0o06 .005 .004 .009
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Figure 26. Flow AromWd the Tooth Root and Flank
df the- Spiral Bevel Gear Forging
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SThe resus k..btumed indicate that a typi-ai up-set type flow pattern it' produced
I n the hub hiclih extended radially into the tooth section wuTh a restrictive densi-
fication efiect being produced around the tooth root and flank as thv metal flow
filled the section and progr-,ssed longiiudinally towards the flash area. The

ze tremely line flow pattern characiensucs of the tooth section as compared to
that of the adjoining hut section, indicates that a~very high order of metal flow
and reduction rejirement is produced in the txoth elements in conjunction with
the development -A the preferential flow.

Decarburization and grain size tests of the billet, preform and finish forged
material indicated that the forging conditions, heating and processing did not
appreciably alter the suy-face carbon composition or grain size except for a
slight increase in (he tooth section, as evidenced by the following test results;

Grain Size Partial Decarb.

Billet tAMW 6265) 1
Qutaide: 5-6 0.006"

(Occasional 3)
Center: 6-7

Preform .:'orglng (AMS 6265)

Tcper area 6 0. 004"
(Occasional 4)

Finish ?orging (AMS 6265)

Trkth: 3-6 0.008"
•} •center: 1 6-7

The gra&W size photomicrogrzphs of the billet and finish forging are shown in

1z summary of the programr results shows that:

Fa. Di2 sets for forging the spiral bevel gear sets were designed,
manufactured and redesigns incorporated as necessary.

De. D~velopnmenta3 forging procedures were established for the spiral
bevel gear tiet and piri'n preproductSon.

S ! 61-
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c. Gross dimensional deform~iln of the block and finish die cavities
and finish die cavities occurred throughout all phases of the develop-
ment forgng and the pinion preproduction forge run.

d. Dimensional and stock removal evaluations of the forgings indicated
that:

I
1, The 0. 0:25"!" shrink allowance factor was corrert for high
2. velocity forge die design usage.

2. Maxiimum variation of tooth thickness of individual forgir-gs
ranged from 0. 002" to 0. 008".A

3. Variation of tooth thickness of a combined forge lot was 0. 01411
maximum.

4. Forged tooth thic'kmess was in excess of the pregrind thickness

by 0. 006" to 0. 024".

The net effect of the forged tooth inspection results was that the finish die
cavities would require rework to reluce ýhe forged tooth thickness and provide
a uniform distribution of the grind stock material. I'le required corrections
to the die would normally be obtdned by an appropriate adjustment to the elec-
trode tooth geometry and the in-feed helix lead of the EDM guide fixture.
However, in view of the demonstrated gross dimensional instability condition
of the die cavities and the unIknown quantitative effect it may have had on the
tooth dimensinal data, further rework of the dies to obtain a minor dimen-

r sional adjustment was considered inappropriate.

Die Deformation

The large amount of tooth deformation experienced in the forgings can be attri-
,F buted to two causes:

a, The spiral tooth geometry, especially in conjunction with the small
cone angle of the pinion causes intolerably large forces on the tooth

t ppil of the forging die.

b. The deleterious tempering effect caused by excessive dwell time of
the hot forged part In the die cavity. In sWbsequent meetings with
several forging experts, it was generalty rw.reed that one second was
the maximum time the frgirng could te in mnttmate contact with the
die material without harmful t-ectz,

6,3



CONCLUSIONS

1. Forged spiral bevel gears wi.th ibtegral teeth (an be produced by the high
velocity pneumnatic-mechanical closed die forge method In limited quanti-
ties before excessive die deformation occurs, having the following
characteristics:

a. Development of preferential forging flow in the hub and tooth
elements.

b. Maxf mum tooth thielmess variation of .008" for individual lorgings
an1 . 014" for a forge lot.

2. The currant "state-of-the-art" teohnology for high veloci t forge die
deaign and die material combinations Is not adequate for production forging
spiral bevel gears to pre-grind tooth thicfness requirements. Program

resudtv indicate that further development of high velocity forge die degign,
material and hardness combinations are mandatory.

3. It is ctsonluded that the methods, forge procedures and dies thct were
developed aad utilized for the performanoe of this program are, in fact,
qdequate for producing spirl bevelgp.rN with ingrally forge oversze
ieeth, for finih processiUg with. a light prfle development grind, heat
treating and. fir-ish grInding-to size.

4. Excessive deformations of the dies occurred as the results of various con-
ditions desoribel in the body of the peporL. In c•dition to the development
of die design to suit individul requirements, it In concluded that regard-
less of the ba"eI design =nd the development of metallurgical properties of
a high-velocity fcqrgin die-set, one additional requIrement must be met.
An ejectico device must be pat of the die-set. The finIshed forging and
the dieý musit not be allowed to remain In intimate contact (after the forging
has been produced) for a period ci time estimated to be in the regipn- of
one second ia order to avoid deleterious softening of the die surfaces.
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SRECOM M ENDATION S

It is recommended that further deveipment effort should be made regarding
the design, material selection n-nd heat treatment of the forging die. sots. This
should be done in order to achieve the requred dimensional accuracy of spiral
bevel gear forgings whose integrally forged teeth could be held to pre-grind
tolerances.
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APPENDIX I

ENG=EERING DRAWINGS, FOR

SPIRAL BEVEL GOAR SET

USED FOR PROGRAM

DEVELOPMENT
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rAPPENDIX 11

t ANALYSIS OF THE SHRINKAGE CHARACTERISTICS OF
FORGED SPIRIAL BEVEL GEARS

Since homogeneous isotropic material is assumedn, the shrinkage of gears ircm
the as forged condition can be considered as a thermo-expansion problem. Con-
sider a solid body subjected to a temperature chang2 A T throughout. Imagine
that this body is held to the same form and volume. Now a compressive stress
of AToME/ (1-2vý1 must be applied on the boundary of the body so the elastic
strain would cancel the thermal strain. i'n tha actual body, there is no such
compressive stress applied on the boundary, so this stress must be relaxed by
applying an equal and-opposite stress on the boundary. This applied stress has
the same effect as the identical body subjected to a negative hydrostatic pres-
sure. This enables the calculation of strain distribution of a body with known
temperature change throughout by calculating the strain distribution of an iden-
tical body with no temperature change but with the equivalent surface force
(Ref. 1).

Investigating the shrinkage characteristics of the forged gears by this approach
shows that shrinkage is uniform and predictable and that no distortion can be
expected other than normal shrinkage due to thermal gradients. Hence the die
geometry can be developed from the tl. lretical gear geometry by applying only
the normal shrinkage values for the fox ging temperature to all dimensions.

1. Roark - Formulas for stress and strain, 3rd Edition P. 335 3.
"A solid body of any form is subjected to a temperature change A T
throughout, while held to the same form and volume. The resulting
stress is ATcxE/ (1-2-u) compression.
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